In this study, three different hardening accelerating admixtures (sodium carbonate, lithium carbonate and a blend of sodium and lithium carbonates) were employed to prepare calcium sulphoaluminate cement-based mortars. The workability, setting times, entrapped air, elasto-mechanical properties such as compressive strength and dynamic modulus of elasticity, free shrinkage, water absorption and carbonation rate were measured and mercury intrusion porosimetry were also performed. Experimental results show that a mixture of lithium carbonate and sodium carbonate acts as a hardening accelerating admixture, improving the early-age strength and promoting a remarkable pore structure refinement. Finally, sodium carbonate also reduces the water absorption, the carbonation rate and the shrinkage of mortars without affecting the setting times and the workability.
Introduction
During the last years, the construction sector has been looking for some solutions able to reduce the environmental impacts typical of building materials, particularly related to the use of Portland cement, which requires a considerable amount of raw non-renewable natural resources and a great energy input during the clinker production [1] .
Several strategies have been proposed by different authors [2, 3] aimed at improving the sustainability of cementitious materials: reduction of the greenhouse gases emission by using alternative fuels [4, 5] , replacement of Portland cement (OPC) clinker with low-carbon supplementary cementitious materials (SCM) [6] [7] [8] , utilization of wastes [9, 10] and development of alternative binders (such as alkali-activated materials) [11, 12] .
One of the most interesting and simple ways to reduce the environmental impact of mortars and concretes is using calcium sulphoaluminate cement (CSA) as a partial replacement of ordinary Portland cement [13] . For this reason, ternary mixtures of OPC, CSA and calcium sulphate (gypsum, anhydrite or hemihydrate) were largely investigated and properties like rapid setting times, fast strength development and low shrinkage have been appreciated [14] [15] [16] . However, some aspects of CSA cement, i.e., the effect of admixtures, have not been exhaustively investigated yet.
Most studies about admixtures in calcium sulphoaluminate cements deal with the influence of superplasticizers [17] [18] [19] [20] [21] , shrinkage reducing admixtures [22] [23] [24] and retarders [16, 18, [25] [26] [27] but only a few papers focus on the use of hardening accelerating admixtures. Perà et al. [28] highlighted the feasibility of using lithium chloride and lithium carbonate to accelerate the hydration of CSA-based mixtures thanks to the formation of Li-rich aluminum hydroxides. Cau Dit Coumes et al. also investigated the influence of Li-based admixtures (alone [29] or in combination with sodium borate [30] ) on the hydration of CSA cements, confirming that the acceleration effect is related to the very rapid precipitation of amorphous Li-containing Al(OH) 3 . However, there is a lack of knowledge regarding the physico-mechanical properties and durability issues of CSA-based mortars and concretes manufactured using Li-based hardening accelerating admixtures. On the other hand, to date, no experimental data have been published concerning the use of sodium-based accelerators in CSA-based mixtures.
For the abovementioned reasons, the purpose of the present work is to evaluate the influence of hardening accelerating admixtures based on sodium and lithium carbonate on the rheological, physical, elasto-mechanical properties of mortars manufactured with calcium sulphoaluminate cement.
Materials and Methods
Three different mortars based on calcium sulphoaluminate were investigated as reported in Table 1 in accordance with a previous work [31] . In particular, a traditional mortar (hereafter referred to as TM) containing CSA clinker, Portland cement (OPC, according to EN 197-1) and technical grade anhydrite (CS) was produced. Additionally, two sustainable CSA-based mortars (hereafter referred to as SM 1 and SM 2, respectively) in which OPC is totally replaced by supplementary cementitious materials (SCMs, ground granulated blast furnace slag (GGBFS) according to EN 1516-7 and low calcium fly ash (FA) according to EN 450-1) and hydrated lime CL-90S class (CH, according to EN 459-1) were manufactured. Physical properties of the binders and the supplementary cementitious materials used are reported in Table 2 . A set retarding admixture (0.8 wt.% mass of binder) based on tartaric acid (TA) was used to delay the initial set of mortars [26] . Lithium carbonate (LC) and sodium carbonate (SC) were also added to the mix as hardening accelerating admixtures up to 4% by binder mass in accordance with [32] . Finally, a natural siliceous sand with a maximum size equal to 2.5 mm was used ( Figure 1 ).
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The mixtures were molded into 40 mm × 40 mm × 160 mm specimens, demolded after 24 h and cured in a climatic chamber at 20 • C and 60% R.H. until tests (Table 3 ) in order to optimize the strength development in accordance with findings of Coppola et al. [33] concerning the curing condition of CSA-based mixtures. Specific mass at hardened state, determined by weighing the specimen before mechanical test, and compressive strength were measured at 1, 7, 28, 120 and 150 days according to EN 1015-11 and drying shrinkage was evaluated in accordance with EN 12617-4 up to 150 days. Furthermore, dynamic modulus of elasticity (E d ) was measured by means of Ultrasonic Digital Indicator Tester at 1, 7, 28, 120 and 150 days (EN 12504-4). Then, pore size distribution and density of the specimens were determined by means of mercury intrusion porosimetry (MIP) using Thermo Pascal 140 and 440. The MIP mortar samples (three specimens for each mortars) were dried in oven at 40 • C for 24 h and tested after 28 days from casting. Approximately 1 g of mortar was first intruded to a mercury pressure, P Hg , of 395 kPa on the Pascal 140, then the sample was moved to the Pascal 440 and intruded to 200 MPa. Moreover, the depth of natural carbonation (specimens stored in air) was measured by a colorimetric test using phenolphthalein as pH indicator, according to EN 14630 up to 150 days. Finally, the capillary water absorption coefficient (AC) was estimated in accordance with EN 13057. 
Results

Fresh Properties
The addition of lithium carbonate and sodium carbonate does not produce any abnormal air entrapment or variation in specific mass at fresh state (Table 4 ). Moreover, results show that the addition of LC and SC has different effects on mortar consistency. In particular, a small increase in workability was observed in mortars manufactured with sodium carbonate admixtures or SC-LC blends while no variations on workability were detected by using LC regardless of the binder used.
Lithium carbonate caused a sharp reduction in pot-life of mortars, independently of the binder used ( Figure 2 ). In particular, LC seems to completely neutralize the retarding effect promoted by tartaric acid [26] , decreasing the pot-life of the mixtures to a value close to 30 min. On the contrary, mortars containing SC showed a very slight decrease in pot-life. Finally, the combination of SC and LC determined a reduction of pot-life approximately equal to 30%, independent of the binder. 
Mercury Intrusion
The average results of mercury intrusion porosimetry (MIP) are reported in Figure 3 . According to results reported by Bernardo et al. [34] , the distribution of pore size is bimodal for all the CSAbased mixtures with the first threshold close to 100-200 nm while the second threshold pore size is in the range of 50-90 nm. 
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The average results of mercury intrusion porosimetry (MIP) are reported in Figure 3 . According to results reported by Bernardo et al. [34] , the distribution of pore size is bimodal for all the CSAbased mixtures with the first threshold close to 100-200 nm while the second threshold pore size is in the range of 50-90 nm. The total replacement of Portland cement with supplementary cementitious materials strongly influences the total porosity with negligible changes in the average pore size. In particular, for mortars manufactured without hardening accelerating admixtures, the porosity varied from 18.5% for TM to 23.9% and 23.6%, respectively, for SM1 and SM2, whereas the first and second threshold pore radius are close to 200 nm and 90 nm, respectively. The addition of SC and LC admixtures determines a pore structure refinement for all mixes with a reduction of the total porosity and a shift both in the first threshold pore size from 200 nm to 150 nm (LC) or 100 nm (SC) and in the second threshold pore radius from 90 to 60 nm (LC) or 50 nm (SC). In particular, the effectiveness of sodium carbonate (SC) in pore structure refinement is higher than that of lithium carbonate (LC).
Elasto-Mechanical Properties
In Figure 4 are reported the compressive strength developments of mortars manufactured with different hardening accelerating admixtures. Results indicated that lithium carbonate and sodium carbonate affect the elasto-mechanical properties of both TM and SM. The compressive strength at early ages (24 h and 7 days) is strongly improved by the addition of SC and LC admixtures. In particular, compressive strength approximately doubled with respect to the reference mortars manufactured without hardening accelerating admixtures, regardless the nature of alkaline ions (Li or Na) present in the admixtures. Sodium carbonate promotes the formation of gyrolite which is responsible for the acceleration of setting times as reported by Reddy et al. [35] and the improvement of compressive strength at early ages [36] . On the other hand, lithium carbonate addition is responsible for the precipitation of lithium aluminate hydrate LiAl 2 (OH) 7 ·2H 2 O which serves as nucleation site for aluminum hydroxide precipitation that accelerates the whole hydration process and promotes the production of ettringite, the main hydration product of CSA cements [29, 30, 37] .
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Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 12 However, at long ages, compressive strength of SM1 and SM2 mortars produced with or without hardening accelerating admixtures was similar. In detail, SM1 and SM2 mortars were characterized by compressive strength value close to 40 MPa after 150 days similarly with [26] . On the contrary, the addition of sodium carbonate on TM mortar did not produce variations on compressive strength after 120 and 150 days while the use of lithium carbonate, alone or in combination with sodium carbonate, caused strength losses at long ages approximately equal to 10%. Figure 5 reports the dynamic modulus of elasticity of mortars after 24 h, 28 days and 150 days normalized respect to the mortars manufactured without admixtures. The role of hardening accelerating admixtures is evident also in the elastic modulus development. Similar to compressive strength, the addition of SC and/or LC on TM, SM1 and SM2 strongly increases the dynamic modulus of elasticity at 24 h with growing close to 20-40% respect to no-admixed mortars. However, this effect disappears already after 28 days when elastic modulus results quite similar (90-110%) to that of mortars manufactured without hardening accelerating admixtures. 
Free Shrinkage
Free shrinkage of traditional and sustainable mortars is shown in Figure 6 . The addition of hardening accelerating admixtures strongly influenced the shrinkage of CSA-based mortars. The use of LC, alone or with SC, increased the free shrinkage of both TM and SMs up to 100%. In particular, traditional mortar without admixtures was characterized by shrinkage equal to 200 µm/m after 150 days while TM-LC and TM-SC-LC reached values close to 380 and 280 µm/m, respectively. Also, mortars were influenced by the lithium-based admixtures, reaching shrinkage ranging from 350 to 450 µm/m. On the contrary, the addition of SC allows to reduce by half the shrinkage of CSA-based mortars, regardless of the binder probably due to the greater amount of ettringite produced during hydration as reported by Li et al. [38] . 
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Water Absorption
Capillary water absorption coefficient (AC) of mortars was strongly influenced by the addition of sodium carbonate and the binder used ( Table 5 ). The total substitution of Portland cement with supplementary cementitious materials and hydrated lime increased the capillary water absorption coefficient by about 220% due to the higher total porosity of sustainable mixtures SM respect to traditional mortar TM. Moreover, the use of SC admixture allows to obtain a less porous binder matrix characterized by a lower water absorption coefficient (−25%) respect to those of LC-based or no-admixed mortars, regardless of the binder used. 3.6. Carbonation Figure 7 shows the natural carbonation depth of mortars over time. TM mortars (containing OPC) were characterized by lower carbonation than SM mortars (containing SCMs) due to their lower porosity and the remarkable CO2 buffer capacity of portlandite deriving from the OPC hydration. In particular, after 150 days, the TM reached carbonation depth close to 11 mm while SM were characterized by a carbonation depth higher than 14 mm. 
Capillary water absorption coefficient (AC) of mortars was strongly influenced by the addition of sodium carbonate and the binder used ( Table 5 ). The total substitution of Portland cement with supplementary cementitious materials and hydrated lime increased the capillary water absorption coefficient by about 220% due to the higher total porosity of sustainable mixtures SM respect to traditional mortar TM. Moreover, the use of SC admixture allows to obtain a less porous binder matrix characterized by a lower water absorption coefficient (−25%) respect to those of LC-based or no-admixed mortars, regardless of the binder used. 3.6. Carbonation Figure 7 shows the natural carbonation depth of mortars over time. TM mortars (containing OPC) were characterized by lower carbonation than SM mortars (containing SCMs) due to their lower porosity and the remarkable CO 2 buffer capacity of portlandite deriving from the OPC hydration.
In particular, after 150 days, the TM reached carbonation depth close to 11 mm while SM were characterized by a carbonation depth higher than 14 mm. A beneficial effect against the carbonation is given by the addition of hardening accelerating admixtures. In fact, lithium carbonate and sodium carbonate promote the pore structure refinement and consequently reduce carbon dioxide penetration both in case of mortars containing OPC and SCM-based mortars. The most significant reduction in carbonation depth can be observed in mortars containing SC where a reduction of about 60% respect to mortar without admixtures can be found. On the contrary, accordingly with the MIP measurements, the addition of LC or blends SC-LC led to lower benefits, in the order of 30-40% reduction of the CO2 penetration depth.
Nevertheless, although the admixtures of lithium carbonate and sodium carbonate give a beneficial effect on carbonation of CSA-based mortars, these systems are still characterized by a very high value of carbonation with respect to traditional mortars manufactured with Portland cement in which the carbonation depth is generally lower than 1 mm after 150 days.
Conclusions
In this paper, the influence of lithium carbonate and sodium carbonate in CSA-based mortars manufactured with SCMs replacing OPC was investigated in terms of fresh properties, mechanical strength, water absorption, free shrinkage and natural carbonation. The following conclusions were made according to the results of the present paper:
• SC and LC act as accelerator admixtures in CSA-based mortars independent of the nature of the binder employed, promoting a remarkable pore structure refinement and an improvement in elasto-mechanical properties at early age, especially by using SC; • LC strongly reduces the workability and the pot life of mortars, compromising the possible utilization in the construction site. On the contrary, SC ensures a workability and a pot life similar to mortars manufactured without hardening accelerating admixtures; A beneficial effect against the carbonation is given by the addition of hardening accelerating admixtures. In fact, lithium carbonate and sodium carbonate promote the pore structure refinement and consequently reduce carbon dioxide penetration both in case of mortars containing OPC and SCM-based mortars. The most significant reduction in carbonation depth can be observed in mortars containing SC where a reduction of about 60% respect to mortar without admixtures can be found. On the contrary, accordingly with the MIP measurements, the addition of LC or blends SC-LC led to lower benefits, in the order of 30-40% reduction of the CO 2 penetration depth.
• SC and LC act as accelerator admixtures in CSA-based mortars independent of the nature of the binder employed, promoting a remarkable pore structure refinement and an improvement in elasto-mechanical properties at early age, especially by using SC; • LC strongly reduces the workability and the pot life of mortars, compromising the possible utilization in the construction site. On the contrary, SC ensures a workability and a pot life similar to mortars manufactured without hardening accelerating admixtures; •
The SC-based mortars were characterized by a less porous binder matrix and a lower water absorption coefficient (−25%) with respect to those of LC-based or no-admixed mortars, regardless of the binder used; •
The use of LC, alone or with SC, increased the free shrinkage of both TM and SMs up to 100% while the addition of SC reduced the shrinkage up to 50%; • A 60% reduction in carbonation depth can be observed in mortars containing SC respect to mortar without admixtures while the addition of LC or blends SC-LC led to lower benefits, ranging from 30% to 40%; •
The SC is the most suitable additive because increased the compressive strength, reduced the shrinkage, reduced the water adsorption coefficient and reduced the carbonation depth of CSA-based mortars.
